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Abstract 
 A Two-dimensional (2D) Periodic Surface Lattice 
(PSL) can produce distributed feedback in high power 
microwave sources driven by an oversized electron beam 
of annular geometry. Such 2D periodic structures can be 
formed in cylindrical waveguide with a grating machined 
on the walls, where the diameter of the waveguide is 
larger than the wavelength λ (D >> λ). In this case 
localised surface fields can be excited around the 
perturbations if the structure is radiated by an external 
source (for example an electron beam). Experiments were 
conducted using a velvet cathode electron gun with the 
electron accelerating voltage produced by a cable 
Blumlein generator. “Additive Manufacturing” or “3D 
printing” was used to construct a silver 2D PSL quickly, 
efficiently and relatively inexpensively. The electron 
beam formed within an 18 mm bore 1.8 T solenoid was 
transported through the 7.2 mm inner diameter silver 2D 
PSL beam-wave interaction region. An 80 kV, 100 A 
electron beam with an outer diameter of 4 mm and inner 
diameter of 2mm which was approximately 1.8 mm away 
from the inner surface of the 2D PSL corrugation was 
measured. Millimetre wave radiation at a frequency of 
~80GHz at an output power of 130 ± 30 kW 




 To increase the power available to a beam wave 
interaction either the energy of the beam may be increased 
or the current flowing in the beam [1-3]. Electron beam 
density cannot be arbitrarily increased however as at some 
point the internal space charge forces on the beam, and 
the influence of the surrounding environment contrive to 
impose limits on the beam stability and propagation. In 
addition, the increased RF power density can result in 
breakdown and the effect known as pulse shortening. To 
avoid these issues, it is necessary to consider the 
possibility of increasing the transverse size of the beam 
and therefore, in general, of the microwave circuit itself, 
if a further increase of power is to be achieved [4-6]. 
Unfortunately, increasing the transverse size of the 
microwave circuit beyond a ratio of D/λ~ 4 (where D is 
the transverse size of the microwave circuit and λ is the 
radiation wavelength) results in a drop in efficiency and 
spectral purity as the source loses mode selectivity [7-9]. 
To tackle this problem, the use of a 2D periodic surface 
lattice resulting in the coupling of 4 waves (a forward and 
backward longitudinal wave and a clockwise and anti-
clockwise azimuthal wave) to control the transverse 
modes which can interact with the electron beam in an 
oversized interaction space has been proposed [4]. This 
enables high efficiency even when the transverse size of 
the electron beam exceeds the radiation wavelength by 
more than 2 to 3 orders of magnitude. Additive 
Manufacturing [10] or “3D printing” was used to 
construct a silver alloy 2D periodic surface lattice 
structure that was designed to operate as a W-band source 
(75- 110GHz).    
II.RESULTS 
A. 3D printed 2D Periodic Surface Lattice 
 3D printing developed in the mid 1980’s [10] and the 
number of its applications is continuing to expand. The 
tolerances achievable with 3D printing are projected to 
improve over time as the technology develops, resulting 
in higher degrees of accuracy [11]. 3D printing is used in 
the initial creative process that results in structures such as 
the example shown in Figure 1. It involves an additive 
process by which consecutive layers in the x-z plane are 
deposited sequentially in the +ve y direction. The printing 
process follows the pattern in a given CAD input file, 
usually in the STL (Stereolithograph) file format where 
every face is built from a series of interconnected 
triangles represented by 3 separate 32- bit floating-point 
Cartesian coordinates. The physical parameters of the W-
band (75-110GHz) 2D PSL are shown in Table 1. The 
design is sliced into digital layers so that a curve is 
‘approximated’ by many square-sided slices, with the 
thickness of each layer representing the resolution of that 
particular 3D printing process. 
. The cylindrical 2D periodic structure can be described 
by equation (1)   FRV

Mmzzkrrr '  
ZKHUHULVWKHradius of the unperturbed waveguide, Δr 
LV WKHDPSOLWXGHRI WKHFRUUXJDWLRQk] SdzZKHUHdz LV
WKHSHULRGRIWKHFRUUXJDWLRQRYHUWKH]FRRUGLQDWHDQGm
LVWKHQXPEHURID]LPXWKDOYDULDWLRQVRIWKHFRUUXJDWLRQ
Table 1. The physical parameters of the 2D PSL. 
Symbol Quantity Dimensions 
dz longitudinal period 1.6 mm 
m azimuthal variations 7 
N number of longitudinal 
periods 
16 
Δr perturbation amplitude 0.8mm 
rmin minimum radius of 
perturbation 
3.6mm 
rmax maximum radius of 
perturbation 
5.2mm 
 The perturbation amplitude is 800 microns (1.6mm 
peak to peak). Representation of this structure with layers 
of 16microns results in a reasonable level of accuracy and 
the finished component appears to hold an adequate level 
of detail. In the case of this specific piece the complete 
part was printed in wax and this former was then used to 
create a suitable mold into which a molten silver (92.5%) 
chromium (7.5%) alloy was set, with the resultant 
component having an overall final resolution within ± 125 
microns 
 
Figure 1 Cylindrical PSL manufactured using 3D printing  
7KH'36/VWUXFWXUHZDVVXFFHVVIXOO\LQFRUSRUDWHGLQ
D FROG WHVW V\VWHP ZLWK WKH WUDQVPLVVLRQ RI PLOOLPHWHU
ZDYHV PHDVXUHG XVLQJ D 9HFWRU 1HWZRUN $QDO\]HU
91$ :KHQ WHVWLQJ WKH VWUXFWXUH XVLQJ WKH 91$ WKH
LQWHUDFWLRQ XVHV DQ HOHFWURPDJQHWLF ZDYH WKDW LQWHUDFWV
ZLWKWKHPPORQJLWXGLQDOSHULRGWRJLYHDUHVSRQVHLQ
*EDQG UHVXOWLQJ LQD UHVRQDQFHDW*+]DV VKRZQ
LQ)LJ7KHHOHFWURPDJQHWLFZDYHZKHQLQWHUDFWLQJZLWK
WKH  PP D]LPXWKDO SHULRG JLYHV D IXQGDPHQWDO
UHVRQDQFH LQ:EDQGDWa*+]DQGD UHVRQDQFHDW WKH
VWKDUPRQLFDW*+]LQ*EDQG7KLVLVZKDWJLYHV
WKH  *+] UHVRQDQFH VKRZQ LQ WKH 91$
PHDVXUHPHQW
 
Figure 2 The measured transmission as a function of 
frequency of the 2D PSL over the 140 GHz to 220 GHz 
frequency range. 
7KHUHVSRQVHRIWKHVWUXFWXUHKDVEHHQPHDVXUHGLQWKH
*EDQG  *+] WR WHVW WKH SHUIRUPDQFH RI WKH
VWUXFWXUH DQG WR YHULI\ WKDW ERWK WKH ORQJLWXGLQDO DQG
D]LPXWKDOSHULRGLFLWLHVKDYHEHHQFRUUHFWO\PDQXIDFWXUHG
7KHHOHFWURQEHDPGULYHQ'36/LVD:EDQGVWUXFWXUH
IURP WKHSRLQWRI YLHZRI WKH IUHTXHQF\RI WKHRXWSXWRI
WKH UDGLDWLRQ VRXUFH ,W LV EHFDXVH WKH HOHFWURQ EHDP LV
WUDYHOOLQJLQWKLVFDVHDWDERXWKDOIWKHVSHHGRIOLJKWDQG
LWLVWKHHOHFWURQEHDPZKHQRSHUDWLQJDVDVRXUFHWKDWLV
H[FLWLQJ WKH ORQJLWXGLQDO VWUXFWXUH LQ :EDQG 7KH
FRUUHVSRQGLQJ IXQGDPHQWDO D]LPXWKDO UHVRQDQW
HOHFWURPDJQHWLF UHVSRQVH DV QRWHG DERYH LV LQ:EDQG
DQG LV GHVLJQHG WR FRUUHVSRQG ZLWK WKH HOHFWURQ EHDP
H[FLWDWLRQRIWKHORQJLWXGLQDOVWUXFWXUHLQ:EDQG
)ROORZLQJ91$FKDUDFWHUL]DWLRQPHDVXUHPHQWVWKH'
SULQWHG ' 36/ VWUXFWXUH ZDV LQFRUSRUDWHG LQWR D KLJK
SRZHUPLOOLPHWHUZDYHVRXUFH
 
B Electron Beam Experiments 
7KH HOHFWURQ JXQ ZDV RSHUDWHG LQ WKH VSDFHFKDUJH
OLPLWHGUHJLPHRIHOHFWURQILHOGHPLVVLRQXVLQJDQDQQXODU
YHOYHWGLVNWRHQKDQFHWKHHOHFWURQHPLVVLRQSURSHUWLHVRI
WKH FDWKRGH $ VWDFNHG GRXEOH%OXPOHLQ SXOVHG KLJK
YROWDJH VRXUFHZDVXVHG WRSURYLGH WKHDFFHOHUDWLQJ ILHOG
>@ $V VKRZQ LQ ILJXUH  IRU D EHDP DFFHOHUDWLRQ
SRWHQWLDO RI aN9 D EHDP FXUUHQW RI $ ZDV
PHDVXUHG 
 
Figure 3 Measured beam voltage and current 
)RU DFFXUDWH HYDOXDWLRQ RI LQWHUDFWLRQ FKDUDFWHULVWLFV
WKH EHDP FXUUHQW ZDV PHDVXUHG LQ WKH ' 36/ FDYLW\
XVLQJDQLQOLQH)DUDGD\FXSWRFROOHFWWKHHOHFWURQVZLWKD
: FXUUHQW VKXQW XVHGZLWK WKH YROWDJH IXUWKHU UHGXFHG
XVLQJG%RIDWWHQXDWLRQDQGWKHQPHDVXUHGRQDGLJLWDO
VWRUDJH RVFLOORVFRSH 7KH )DUDGD\ FXS EHDP GLDJQRVWLF
ZDVODWHUUHPRYHGZKHQWKHKLJKSRZHUPLOOLPHWHUZDYH
H[SHULPHQWV ZHUH FRQGXFWHG 7KH HOHFWURQ EHDP ZDV
IRUPHG IRFXVHG DQG WUDQVSRUWHG WKURXJK WKH ' 36/
LQWHUDFWLRQ UHJLRQ XVLQJ D 7HVOD FRQWLQXRXV ZDWHU
FRROHG VROHQRLG RI OHQJWK FP DQG LQQHU GLDPHWHU RI
PPDVVKRZQLQILJXUH
 
Figure 4 Photograph of 2D PSL high power mm-wave 
source showing the Blumlein cable pulser, diode, water 
cooled solenoid, output horn and window and diffstack 
pumping system. 
7KH WUDQVYHUVH SURILOH RI WKH HOHFWURQ EHDP ZDV
PHDVXUHGXVLQJHOHFWURQVHQVLWLYH ILOP IL[HGRQ WKHIURQW
IDFHRI WKH)DUDGD\FXSDQG SODFHGDW WKHHQGRI WKH'
36/ LQWHUDFWLRQ UHJLRQ $ W\SLFDO HOHFWURQ EHDP
WUDQVYHUVH SXOVHSURILOHPHDVXUHGE\ WKHZLWQHVVSODWH LV
VKRZQ LQ ILJXUH  )RU RQH SXOVH DW D FDYLW\ %ILHOG RI
7 D VOLJKWO\ RII FHQWUH DQQXODU HOHFWURQ EHDP ZDV
REVHUYHG DV VKRZQ LQ WKH LPDJH RI WKH ZLWQHVV SODWH
ILJXUH
 
Figure 5 The electron sensitive witness plate shows the 
shape of the electron beam after one pulse has passed 
through the 2D PSL interaction region. 
The yellow witness plate film turns red when high 
energy electrons hit it. It can be clearly seen on the 6 mm 
diameter witness plate that the electron beam is displaced 
slightly from the center and has a annular shape with an 
outer diameter 4 mm and an inner diameter of 2 mm. 
 
C Millimeter Wave Measurements 
7RPHDVXUH WKHDPSOLWXGHRI WKHRXWSXW UDGLDWLRQILHOG
IURPWKH'36/H[SHULPHQWD:EDQGWR*+]
)ODQQ UHFWLI\LQJ FU\VWDO GHWHFWRU ZLWK D URWDU\ YDQH: 
EDQGDWWHQXDWRUDQG)ODQQG%KRUQZHUHXVHG ORFDWHG
DW D GLVWDQFH RI  P IURP WKH RXWSXW ZLQGRZ 7KH
PLOOLPHWHUZDYHGHWHFWRU FRQVLVWHGRI D UHFWDQJXODU KRUQ
WR FROOHFW WKH JHQHUDWHG PLOOLPHWHU ZDYH VLJQDO DQ
DWWHQXDWRU WR UHGXFH WKH VWUHQJWK RI WKH VLJQDO D FU\VWDO
GHWHFWRU WR FRQYHUW WKH PLOOLPHWHU ZDYH VLJQDO LQWR D
YROWDJH VLJQDO 7KH PLOOLPHWHU ZDYH VLJQDO LQ P9V ZDV
UHFRUGHGXVLQJDGLJLWDOVWRUDJHRVFLOORVFRSHDIWHUSDVVLQJ
WKURXJK D VHULHV RI KLJK SDVV FXWRII ILOWHUV:KHQ WKHUH





ILOWHUZDV LQSODFH LQ WKHGHWHFWLRQ V\VWHP$ QXPEHURI
VKRWV ZHUH WDNHQ IRU HDFK ILOWHU ZLWK ILJXUH 
UHSUHVHQWDWLYH RI WKH VLJQDO GHWHFWHG DIWHU VXFFHVVLYH
VKRWV

Figure 6 The power produced in the presence of a 
particular cut – off filter. Light blue line 70 GHz, Green 
line – 75 GHz, Purple line 80 GHz, red line 85 GHz dark 
blue line 95 GHz.  It is noted that using a 85 GHz cut – 
off filter results in no mm wave output at all with much 
reduced output measured for the cut-off filter above 80 
GHz indicating that the signal lies somewhere between 80 
GHz to  85 GHz. 
)LJXUHGHPRQVWUDWHV WKDW WKHPLOOLPHWHUZDYHRXWSXW
OLHV EHWZHHQ  *+] DQG  *+] $OWKRXJK WKH
PDJQLWXGH RI WKH SRZHU YDULHV D OLWWOH ZKHQ GLIIHUHQW
ILOWHUVZHUHXVHGLW LVFOHDUWKDW WKHPPZDYHRXWSXWZDV
SURGXFHG DW D IUHTXHQF\RI LQWHUDFWLRQRI WKH'36/DW
a*+]
,Q RUGHU WR XQGHUVWDQG WKH PRGH JHQHUDWHG D IDUILHOG
DQDO\VLV ZDV SHUIRUPHG RQ WKH RXWSXW PRGH ODXQFKHG
WKURXJKWKHKRUQDQG0\ODUZLQGRZ+HUHDVHFWRUSODWH
PDUNHG LQ VLQJOH degree intervals, θ, was used, with the 
RXWSXWKRUQDQGZLQGRZORFDWHGDWWKHFHQWUHRIWKHVHPL
FLUFXODU SODWH DQG D UHFWDQJXODU ZDYHJXLGH UHFHLYLQJ
DQWHQQDPRXQWHG DERYH WKHSODWH DW WKHRWKHU HQGRI WKH
VHPLFLUFOH7KHDSHUWXUHVRIWKH'36/RXWSXWKRUQDQG
WKHGHWHFWRU UHFHLYLQJKRUQZHUHVHSDUDWHGE\DGLVWDQFH
P 7KH UHFHLYLQJ DQWHQQD ZDV SRVLWLRQHG RQ D
PRYHDEOHUDLODOORZLQJPHDVXUHPHQWVWKDWFRXOGEHWDNHQ
at values of θ between  DQG  ,Q RUGHU WR HQVXUH
DFFXUDF\ ZLWK WKH PHDVXUHPHQWV WKH RXWSXW DSHUWXUH RI
WKH H[SHULPHQW ZDV SODFHG GLUHFWO\ DERYH WKH SLYRWLQJ
SRLQW RI WKH VHPLFLUFXODU SODWH 7KH PRGH VFDQ UHVXOWV
RYHU RQH KDOI RI WKH VFDQZLWK  UHSUHVHQWLQJ WKH FHQWUH
OLQHLVVKRZQLQILJXUH
 
Figure 7  Green line represents the measured mode 
pattern. From the mode scan results measurements the 
peak of the green curve corresponds best to a combination 
of the TM0,2  mode and the TE5,1 mode 
$OWKRXJK LW LV GLIILFXOW WR PDNH D SHUIHFW PDWFK WKH
PRGHSDWWHUQPHDVXUHPHQWVLQGLFDWHVWKDWWKHPRVWOLNHO\
PRGH LV D FRPELQDWLRQ RI WKH 70 YROXPH DQG 7(
VXUIDFHPRGH
7KH RXWSXW SRZHU ZDV PHDVXUHG XVLQJ WKH JHQHUDO
DQWHQQD WKHRUHP ZLWK WKH WRWDO SRZHU IURP D ODXQFKLQJ
DQWHQQD FDOFXODWHG E\ LQWHJUDWLQJ LWV UDGLDWHG SRZHU
GHQVLW\ RYHU VSDFH 7KH LQWHJUDWLRQ ZDV FRPSOHWHG E\
QXPHULFDOO\ LQWHJUDWLQJ WKH QRUPDOL]HG PRGH SURILOH RI
WKH ODXQFKLQJ KRUQ DQG PXOWLSO\LQJ E\ WKH PHDVXUHG
PD[LPXP SRZHU GHQVLW\ $IWHU RSWLPL]DWLRQ RI WKH
H[SHULPHQWE\DGMXVWPHQWRIWKHORFDWLRQRIWKHFDWKRGHD
WRWDOSRZHURIWKHa*+]VRXUFHZDVIRXQGWREH




 The mode pattern and cut-off filter measurements gives 
evidence of an interaction of a cavity eigenmode 
produced by the coupling of a TM0,2 volume field and a 
TE5,1 surface field coupled within the 2D structure. 
However a more accurate frequency measurement using a 
heterodyne frequency diagnostic is required to 
conclusively prove that the coupling between the surface 
and volume field is the dominant beam-wave interaction 
in the experiment. A heterodyne frequency diagnostic 
experiment is planned as part of the future work.  
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